Virulent Treponema pallidum subsp. pallidum was first cultivated in vitro by Fieldsteel et al. (3, 4) in 1981 and was confirmed in 1982 by Norris (10) . In vitro multiplication was achieved by cocultivation of T. pallidum with cottontail rabbit epidermal (SflEp) cells in chemically prereduced tissue culture medium under low oxygen tension.
Research needs for large numbers of T. pallidum are currently met by cultivation of the treponemes in rabbit testes. In vitro cultivation allows collection of large numbers of T. pallidum with much less extraneous material than does cultivation of rabbit-grown treponemes. Use of in vitrocultivated T. pallidum for physiological and antigenic studies has been limited by the inability to attain continuous serial passage. A problem associated with serial passage from static cultures is separation of treponemes from the tissue monolayer without damaging the organisms. Treponemes, still attached to SflEp cells, can be passed with minimal disruption of the cultures. In addition, difficulties in scaling up the present system of cultivation in static tissue culture monolayers limits the growth of large numbers of T. pallidum. Suspension culture of anchorage-dependent cells is one method currently used for the large-scale cultivation of viruses and the production of cell-derived compounds (1, 5, (7) (8) (9) 11) .
This report describes a method for the suspension cultivation of T. pallidum. This study consisted of two separate phases. The goal of the first phase was to cultivate SflEp cells on microcarrier beads. Although many cell types have been cultivated on microcarriers, little information regarding epidermal cells cultured in suspension has been published (6) . After successful culture of SflEp cells on microcarriers, infection of the suspension cultures with T. pallidum was attempted.
The medium used for the propagation of SflEp cells in suspension was Eagle minimal essential medium (MEM) Atox (American Biorganics Inc., North Tonawanda, N.Y.) prepared with endotoxin-free water, supplemented with 20 mM MOPS (morpholinepropanesulfonic acid) (pH 7.4). The T. pallidum culture medium (TPCM) used for treponemal culture is described in Table 1 .
The collagen-coated dextran beads (Cytodex-3; Pharmacia Fine Chemicals, Piscataway, N.J.) were hydrated in 10 mM phosphate-buffered saline (pH 7.4) for 4 h at room temperature. The beads were then washed three times with phos-* Corresponding author. phate-buffered saline by allowing the beads to settle to the bottom of the bottle, carefully removing the liquid above the beads, and adding more phosphate-buffered saline. The beads were sterilized by autoclaving. After being cooled, the beads were washed twice with MEM and brought to a final concentration of 4 mg/mi. The beads were stored at 4°C until needed. Before initiating cell cultures on dextran beads, 40 mg of the beads was incubated with 3 mg of rabbit plasma fibronectin-30 ml of MEM in a siliconized 125-ml Magna-flex stirring flask (Wheaton Instruments, Millville, N.J.). Then, 5 ml of fetal bovine serum (HyClone; Logan, Utah) was added to the flask, and the flask was stirred at 40 rpm for 1 h on a variable-speed stirring table (Micro-stir; Wheaton).
The polystyrene beads (Cytospheres; Lux, Newbury Park, Calif.) were supplied dried and presterilized. The polystyrene beads were aseptically suspended in MEM with 10% fetal bovine serum at a concentration of 120 mg/ml and stored at 4°C until use. The cell cultures with polystyrene beads contained 600 mg of beads-30 ml of MEM-4 ml of fetal bovine serum.
The desired number of SflEp cells were added to the flask, and the atmosphere in the flask was purged with a mixture of 5% C02-95% air. The flask was then placed on the stirring table in a 34°C incubator and stirred at 40 rpm for 1 min out of every 45 min. After 24 h, 10 to 15 ml of fresh MEM was added to the flask.
The virulent T. pallidum subsp. pallidum (Nichols) used throughout this study was maintained and passaged in rabbit testes as described by Fieldsteel et al. (2) . The testis extract was heat inactivated (56°C for 30 min) before use. The treponemes used for inoculation were diluted in TPCM. After 2 days, suspension cultures of SflEp cells were prepared for inoculation with T. pallidum by replacing the MEM with TPCM. Half of the medium from the suspension culture was removed and replaced with TPCM. This was done three times for each flask. The final addition of TPCM brought the total volume to 60 ml per flask. Then, 2 ml of testis extract and 2 x 107 vigorously motile T. pallidum were added to each flask. The flasks were placed in a controlled gas incubator (Forma Scientific, Marietta, Ohio) at 34°C on a variable-speed magnetic stirrer (Techne) in an atmosphere containing 5% C02, 4% 02, and 91% N2. The cultures were stirred at 35 rpm for 1 min out of every 45 min. The treponemes were released from the cells by incubation with trypsin-EDTA (Irvine Scientific, Santa Ana, Calif.) and were counted by dark-field microscopy (3). (Fig. 1) . Although either dextran or polystyrene microcarrier beads can be used for suspension cultivation of T. pallidum, the use of the polystyrene beads was preferred for two reasons. First, purified fibronectin does not have to be added to cell cultures with polystyrene beads. Second, T. pallidum grown on polystyrene beads was easier to harvest. Ease of removal of treponemes from the beads was important both for enumeration of T. pallidum and for collecting treponemes for other uses. This does not mean that dextran beads are not useful for suspension cultivation of T. pallidum. Dextran beads were much better than polystyrene beads for studies in which direct dark-field observation of treponemes attached to cells on microcarrier beads was desired. The polystyrene beads refract too much light for dark-field observation to be possible. Figure 2 is a scanning electron micrograph of T. pallidum attached to SflEp cells grown on polystyrene beads. These photographs were taken after 10 days in culture. Figure 2A demonstrates the attachment of SflEp cells to a polystyrene bead. The cells spread out and lie very flat on the surface of the bead. This result is in contrast to the pattern of attachment of cells to collagen-coated dextran beads, on which the cells are more rounded and project away from the bead surface (not shown). Microcolonies of treponemes can be seen on the surfaces of some of the cells. These microcolonies of treponemes are very similar to those seen in static cultures of T. pallidum (3). This similarity indicates that the relationship between the treponemes and the cells is the same in static and suspension cultures.
A density of 105 SflEp cells per ml of TPCM was optimum for growth of T. pallidum. Doubling the cell density decreased peak growth an average of 40%. Reducing cell density to 5 x 104 SflEp cells per ml of TPCM also reduced the maximum growth by approximately 40%. Refeeding the treponemal cultures on day 7 with either 10 ml of TPCM or 25 mg of glucose did not significantly alter the maximum fold increase.
Changes in the composition of the medium, such as the addition of hormones and serum supplements, are being worked out initially in the static cultures because they are easier to establish and use less material. Once these conditions are optimized in the static cultures, they will be used in the suspension cultures. We are currently working to maximize the yield in our present suspension cultures, which contain 60 ml of medium per flask. For large-scale cultivation, it would be desirable to increase the volume of the cultures 10 times or more while maintaining the same fold increase. Large-scale cultivation of T. pallidum would provide enough organisms to make practical many diverse studies on the biochemical and immunological nature of T. pallidum. This would include characterization of the antigenic determinants of T. pallidum as well as purification and characterization of enzymes and other proteins important to the physiology of this organism.
The achievement of increased growth of T. pallidum in suspension culture provides a system for in vitro serial passage of this organism. Preliminary studies passing T. pallidum from suspension culture still attached to cells on beads into fresh cell cultures in T-25 tissue culture flasks suggest that this method has promise for the serial passage of T. pallidum. The capability for unlimited in vitro serial passage of T. pallidum would be a very important step toward understanding the biology of this organism. Serial passage would provide a system for studying the physiology of T. pallidum under controlled conditions and could provide We thank Lawrence Oakford for the scanning electron microscopy and Sandra Tassell for helpful comments regarding the manuscript.
